Lead-free flip-chip joining processes have attracted the most research interests recently, and inhomogeneous interfacial reactions were observed in the flip chip solder joints. The Cu 6 Sn 5 phase with high nickel solubility, (Cu,Ni) 6 Sn 5 phase, was formed at the substrate side adjacent to the Ni layer in a flip-chip joint with a substrate/Ni/solder/Cu/(Ni,V)/die structure. A Sn/Cu/Sn/Ni/Sn/Cu/Sn couple was prepared to simulate the flip-chip joint. At 200 C, the Cu 6 Sn 5 phase was formed on both ends of the Sn phase at the Cu/Sn and Sn/Ni interfaces for the couple with an electric current stressing or a longer reaction time, but the nickel contents of the two Cu 6 Sn 5 phases are different. The Cu 6 Sn 5 phase at the Ni side has high nickel content and it has almost no nickel at the Cu side. It is concluded that the Cu at the chip-side diffused through the solder phase, reacted with the Ni layer at the substrate side, and the Cu 6 Sn 5 phase with high nickel solubility, i.e. the (Cu,Ni) 6 Sn 5 phase, was thus formed. Electromigration effects significantly enhance the diffusion rate of Cu, but do not alter the phase formation sequence.
Introduction
Flip chip technology using soldering process is the most important joining technology for the connection of the ICs (integrated circuits) to their substrates for the high-pin-count electronic products. 1) Solder bumps are formed on the metal pads of the ICs, and the reflow process is used to conduct the joining. Similar to all the other soldering technologies, wetting and interfacial reactions occur between the solders and their substrates in the flip chip joints. Good wetting is necessary for the formation of sound solder joints, while severe interfacial reactions are detrimental. To prevent severe interfacial reactions between the solders and the IC metal pads and yet still have good wetting between them, the UBM (under bump metallization) which comprises various metallic layers serving as the barrier layer and the wetting layer is used in the flip-chip technology. 1) Even though the barrier layer has a comparatively slower reaction rate with the solder, in most of flip-chip processes, reactions still occur at the solder/UBM interfaces. Studies of the interfacial reactions are important, because this kind of information is crucial for evaluating whether the UBM provides enough protection. If the protection is not enough, the solder might react with the IC metal pads and cause the failures of the IC. Since all the Pb-free solders and the conventional Pb-Sn solders are Sn-based low meltingtemperature alloys, significant atomic diffusions take place at room temperatures as well as at the elevated temperatures when the electronic products are in use. Interfacial reactions at the solder joints occur when the solder and the substrate are both in solid states, in addition, during the soldering process when the solder is molten. Numerous studies can be found regarding the solder/substrate interfacial reactions. [2] [3] [4] [5] [6] Electromigration effects are the atomic fluxes of the metallic atoms resulted from electric currents and electric fields. [7] [8] [9] [10] Both electromigration effects in the electronic systems and intermetallic compounds formation at the solder joints have been examined quite intensively in the past. [2] [3] [4] [5] [7] [8] [9] [10] Growth of the intermetallic compounds by interfacial reactions is the accumulation of atomic fluxes.
Since electromigration induces atomic fluxes, it is bound to have an effect upon the interfacial reactions in the electronic products. However before recent years, all the electromigration studies focused only on the voids and whiskers formation in the otherwise single-phase metals, [8] [9] [10] and all the interfacial reaction investigations considered only the chemical potential driving forces and not the electromigration effects.
2-6) Chen et al. [11] [12] [13] [14] [15] [16] [17] pioneered in investigating the electromigration effects upon interfacial reactions in the solder systems and they found that the electromigration effects indeed affect the interfacial reactions.
Studies of the electromigration effects in the solder systems have become one of the most important research topics in the recent years. Inhomogeneous reaction rates at the cathode and anode sides and segregation of the discontinuous phases have been observed in the flip chip solder joints. 18, 19) Understanding the electromigration effects is important, because the effects are going to be even more significant and the inhomogeneity more pronounced due to the trend that the sizes of the electronic products are shrinking, the solder joints are getting smaller and the current densities are getting higher. This study investigates the electromigration effects upon the interfacial reactions in the flip-chip solder joints focusing on the phenomena of phase formation and the phase formation mechanisms. The UBM used in this study is of the Al/(Ni,V)/Cu structure. The use of (Ni,V) alloy instead of pure Ni is for the process feasibility. The strong magnetism of pure Ni makes it very difficult to carry out the physical vapor deposition process, and the problem can be solved with the introduction of Vanadium.
Experimental Procedures
Two kinds of specimens are prepared. One is of the ''real'' flip-chip structure. As shown in Fig. 1 , the structure of the specimen is substrate/Ni/(Au)/solder/Cu/(Ni,V)/Al/die. The gold flash dissolves away during the reflow process, so the flip-chip structure can be considered as without the Au layer. Figure 2 is the schematic diagram of the bump opening on the metal pad side. The aluminum wire width is 100 mm As shown in Fig. 3 , there are two different kinds of joints. When the electric current is from the substrate side to the die side, the substrate is of the high-voltage, while it is of the lowvoltage when the current is from the die side into the substrate side.
The other kind of specimen is shown in Fig. 4 and is a sandwich-type reaction couple of the Sn/Cu/Sn/Ni/Sn/Cu/ Sn structure. Pure Cu and Ni foils of a 500 mm thickness and 99.99 mass% purities were cut into the 20 mm Â 10 mm size. The Cu and Ni foils were rinsed in a flux solution and then placed in a graphite mold vertically. Pure Sn was melted in a furnace and then poured into the graphite mold. The specimen was quenched with water immediately when the solder had filled in the mold and surrounded the Cu and Ni foils. The specimen ingot was cut into the size of 1 mm Â 1 mm Â 40 mm as shown in Fig. 4 . The specimen was heattreated at 200 C with and without the passage of electric currents. Without the passage of electric current, the interfaces I and VI are identical. However, when there is an electric current, the current is from the Sn side to Cu at interface I and is opposite to that at interface VI which is the other way around. The specimens are metallographically examined, the interfacial reactions are determined and the thickness of the reaction layers was determined. C with the stressing of a 2:5 Â 10 5 kA/m 2 electric current for 44 hours at the interfaces at the die side of high voltage, substrate side of low-voltage, die side of low voltage, and substrate of high voltage, respectively. The solder is the conventional Pb-Sn eutectic solder, and the dark phase is the Pb phase. It can be found from the micrographs that the amount of the Pb phase is much higher at the lowvoltage side. Since the two-phase solder microstructure is quite uniform before the current stressing, apparently the Pb phase tends to migrate from the high-voltage side to the lowvoltage side. This phenomenon has been observed as well in the previous studies 18, 19) even though a clear mechanism is still not understood. Besides the segregation of the discontinuous phases, it can be noticed as well in the Figs. 5(b) and (d) that the Cu 6 Sn 5 phase is formed at the substrate side adjacent to the nickel layer. Since there is no Cu on the substrate side, the Cu must have been from the die side. The question needs to be addressed is whether the Cu 6 Sn 5 phase is formed on the die side and is carried to the substrate side by the electric current or whether the Cu is dissolved in the solder and precipitated out at the substrate side. C for 48 hours as well but with the passage of a 5 Â 10 3 kA/m 2 electric current. The formation of the Cu 6 Sn 5 phase in addition to the Ni 3 Sn 4 phase can also be found at the interface III without the electric current stressing but with a longer reaction time such as for 720 hours, as shown in Fig. 9 . Similar to the discussion of the flip-chip reaction, since there is no Cu at the interface III, the Cu must be from the interface II. Comparing the interfacial reaction results of the sandwich-type couple and the flip-chip specimen, it is likely that the Ni 3 Sn 4 phase is formed as well at the substrate side and yet it is too thin to be detected. The electromigration effects do not alter phase formation from the interfacial reaction, but the reaction rates are significantly affected.
Results and Discussion
Cu 6 Sn 5 phase is formed at the interfaces II and III which are on both ends of the Sn phase, and no Cu 6 Sn 5 phase can be found anywhere inside the Sn phase between interfaces II and III. Compositional analysis reveals that the nickel content in the Cu 6 Sn 5 phase formed at interface III is very high, i.e. (Cu,Ni) 6 Sn 5 phase. The results indicate that the Cu 6 Sn 5 phase on the Ni side at interface III is not the drifting over of the Cu 6 Sn 5 phase from the Cu side at the interface II, but a new formation of the Cu 6 Sn 5 phase at the interface III. As mentioned previously, the Cu at the interface III must be from the interface II. A first sight of the phenomenon might be somewhat bizarre. Since the Cu content is very low in the solder, it seemed likely it is an up-hill diffusion for the Cu element. Figure 10 is the isothermal section of the Sn-Cu-Ni ternary system at 200 C. The Cu 6 Sn 5 phase has very extensive solubility of Ni, and the homogeneity range is very wide. A plot of the reaction path on Fig. 10 indicates the Cu concentration is indeed decreasing from the Cu side 20) Even though the Yokomine's system is between substrate and printed circuit board and is different from that in this study which is between chip and substrate, the reaction mechanism should be similar and can be explained in the above reaction path as well.
Conclusions
With an electric current stressing or a longer time annealing, the reaction path is Cu/Cu 3 Sn/Cu 6 Sn 5 /Sn/ Cu 6 Sn 5 /Ni 3 Sn 4 /Ni in the Cu/Sn/Ni couple. Comparing the reaction path of the sandwich-type couple to that in the die/Al/(Ni,V)/Cu/solder/Ni/substrate flip-chip solder joint, it is concluded that the Cu 6 Sn 5 phase found at the substrate side is formed at the substrate interface and is not a drifting over from the die side. The Cu at the die side dissolved in the solder, diffused through the solder matrix, and reacted with the Ni to form a Cu 6 Sn 5 phase with a high Ni content, i.e. the (Cu,Ni) 6 Sn 5 phase. Electromigration effects enhance the mass transfer rates of Cu, but do not alter the interfacial phase reaction sequence. The diffusion of Cu through the very-lowCu-content solder matrix to the Cu 6 Sn 5 phase at the Ni side is realized to be a ''normal'' diffusion process, not an ''up-hill'' Electromigration Effects upon Interfacial Reactions in Flip-Chip Solder Joints
